A Malaysian pepper accession, 'LS2341' (Capsicum annuum L.) is highly resistant to bacterial wilt (BW) caused by Ralstonia solanacearum E. F. Smith (species complex). Quantitative trait locus (QTL) analysis was performed using a double haploid (DH) population derived from a cross between the susceptible cultivar 'California Wonder' and 'LS2341'. A linkage map was constructed using simple sequence repeats (SSRs) and amplified fragment length polymorphism (AFLP). The map spans 974 cM, and consists of 15 linkage groups (LGs). Growth chamber evaluations of BW resistance detected a QTL on LG 11. This LG corresponds to pepper chromosome 1 (P1). The QTL explained 33% of the resistance derived from 'LS2341', and was named Bw1. An SSR marker, CAMS451 was mapped in the centre of the QTL. Although BW-resistance is thought to be polygenically controlled, use of this linkage marker may improve the efficiency of breeding BW-resistant cultivars.
Introduction
Bacterial wilt (BW) caused by the soil-borne bacterium Ralstonia solanacearum species complex is one of the most devastating diseases worldwide (Elphinstone, 2005) . The disease causes wilting and death in species mainly from tropical and subtropical areas. In recent years, the pathogen has been found in the temperate climates of Northern and Western Europe ( Van der Wolf et al., 1998) . The pathogen infects a wide range of crops, such as potato, tomato, eggplant, pepper, groundnut, banana, and ginger (Elphinstone, 2005; Hayward, 1991) . The bacterium enters the plants either at the sites of emergence of secondary roots or at root tips (Vasse et al., 1995) . After a phase of intercellular growth, the bacterium gains entry into the plant xylem and spreads systemically to cause increased bacterial growth and the secretion of large quantities of extracellular polysaccharides (Buddenhagen and Kelman, 1964) . These impair water flow and finally result in lethal wilting. This occurs within several days to several weeks, permitting the bacteria to return to the soil from the inside of collapsed tissues.
Because the pathogen is notoriously difficult to eliminate in soil, genetically resistant cultivars are most effective for its prevention. The resistance is described as polygenic, except for some tobacco accessions, and is largely dependent on environmental conditions, such as air and soil temperature and humidity (Hayward, 1991; Nishi et al., 2003) . Several quantitative trait loci (QTLs) affecting BW resistance are located on several chromosomes in tomato (Carmeille et al., 2006; Danesh et al., 1994; Wang et al., 2000) . Most of the resistance to viruses or bacterial diseases is mediated through hypersensitive reactions, and rejects intrusion of the pathogen (Boukema, 1980; Huang and Knopp, 1998) ; however, the pathogen of BW can enter resistant plant tissues and spread to some extent. Resistant cultivars of solanaceous crop are known to suppress bacterial movement and/or growth within plant tissues (Grimault and Prior, 1994) . In addition, resistant cultivars may tolerate limited growth of the pathogen within their vascular systems (Nakaho et al., 1996; Prior et al., 1990) .
Many resistant peppers have been described. The majority are small-fruited and pungent types (Matsunaga and Monma, 1999) . Lafortune et al. (2005) reported that resistance in accession 'PM687' is controlled by several genes, as in the cases of tomato and eggplant. Similarly, in a survey of many pepper accessions, Matsunaga and 308 Monma (1999) speculated that resistance is controlled by a few genes. QTL analysis of BW resistance was previously performed using a Japanese resistant pepper cultivar 'Manganji' ; however, this cultivar was less resistant than other resistant cultivars such as 'Mie-Midori' and 'LS2341' and the seedlings of 'Manganji' were infected with the inoculum of R. solanacearum (Mimura et al., 2008) . Therefore, we designed a study using a highly resistant Malaysian accession, 'LS2341' (Mimura et al., 2000 (Mimura et al., , 2008 , to better define BW resistance in pepper. The information derived from QTL analysis will contribute to markerassisted selection (MAS) for BW resistance, as resistant cultivars are difficult to breed using only phenotypic selection.
Materials and Methods

Pathogen culture
The R. solanacearum strain KP9547 was used in the present study. This was isolated from a naturally infested pepper cultivar, 'Fushimi-Amanaga' (C. annuum) in Kyoto, Japan and is classified as race 1, biovar 4. This strain is highly virulent, and is the most virulent among 81 isolates collected in Kyoto, and has been deposited in the Genebank of Kyoto Prefectural Institute of Agricultural Biotechnology, Seika (Hashimoto et al., 2001) . The bacteria were grown on plates containing triphenyltetrazolium chloride medium (Kelman, 1954) at 30°C for 36-48 h. A single fluidal white colony with a pink centre was selected (Kelman, 1954) , and bacteria were grown on a Wakimoto slant medium (Wakimoto, 1962) at 30°C for 48 h. Colonies were harvested and cultured further on Wakimoto liquid medium by shaking (180 rpm) at 30°C for 48 h. Finally, the bacterial concentration was adjusted to 4 × 10 8 cfu/mL by dilution for use in resistance experiments.
Plant materials
The accession 'LS2341' is a small NewMex-type hot pepper (C. annuum) and is resistant to BW (Mimura et al., 2000) . This accession was obtained from the National Institute of Agrobiological Sciences genebank in Tsukuba, Japan and used as a pollen donor. The susceptible bell-type sweet pepper, C. annuum 'California Wonder' (Matsunaga and Monma, 1999) was employed as a seed parent. A segregating double haploid (DH) population (n = 94) was bred by anther culture of an F 1 individual using the method described by Dumas de Valux et al. (1981) .
Marker analysis and map construction
Genomic DNA was extracted from young leaf tissues with the Nucleon PhytoPure TM DNA extraction kit (GE Healthcare, NJ, USA). Scoring of amplified fragment length polymorphism (AFLP) and simple sequence repeat (SSR) polymorphism was according to Minamiyama et al. (2006) . The SSR primer pairs used in this study were developed from genomic libraries and/ or databases by Huang et al. (2001) , Lee et al. (2004) , Minamiyama et al. (2006 Minamiyama et al. ( , 2007 , and Yi et al. (2006) . Mapping was performed using JoinMap 3.0 software with a population type code, DH1 (Van Ooijen and Voorrips, 2001 ). Markers were grouped at logarithm of odds (LOD) 7.0, where map distances were calculated using the Kosambi function (Kosambi, 1944) . QTL mapping was performed by interval analysis using MapQTL 4.0 software (Van Ooijen et al., 2002 ). An LOD score of 3.0 was used as the threshold for QTLs for Experiment 1 and 2.
Resistance experiments
For resistance experiments, 91 and 81 DH lines were used for Experiments 1 and 2, respectively. In addition, two parental accessions and F 1 were included as controls. Each experiment consisted of duplicated units. Each unit consisted of five seedlings and units were randomly arranged in two growth chambers equipped with fluorescent lights (KG-50HLA; Koito Industries, Ltd., Yokohama, Japan). The peppers were grown in covered seedling trays (42 cm × 27 cm: 15 plants per row, four rows per tray) filled with vermiculite sterilized by autoclaving. An electric heater was inserted into the bottom of the tray. Before inoculation, the lateral roots of four-week-old seedlings, which had reached approximately the three-leaf stage, were cut by a knife inserted vertically into the soil 1 cm from the base of each plant row. The bacterial suspension (25 mL) was then poured into each row. The air and soil temperatures and the relative humidity were set at 26°C, 30°C, and 60-80%, respectively. The disease score of each seedling was scored at 3, 5, 7, 10, 12, 14, 17, 19, 21, 24, 26 , and 28 days after inoculation (DAI) according to the following criteria: 0 = no visible wilt; 1 = one leaf was wilted; 2 = most leaves were wilted; 3 = all leaves were wilted, but the plant survived; and 4 = the stem collapsed, resulting in plant death.
Analysis of data
The DI for each line was calculated as follows: DI = Σ (disease score × number of plants with each disease score)/total number of plants. The area under the disease progress curve (AUDPC) was calculated using the formula = proportion of wilted plants at the ith observation date, t i = time (days) at the ith observation, and n = total number of observations (Wang et al., 2000) . DI and AUDPC values were both used in QTL analysis. Because symptom progress is a key descriptor of BW resistance, the peak LOD values of the QTL on 7, 10, 14, 21, and 28 DAI were compared.
Results
Phenotypes of parental accessions, F 1 , and F 1 DH populations
The parental accession 'LS2341' was highly resistant to R. solanacearum (strain KP9547) in both trials, and showed only slight wilting (DI = 1.5 to 1.6) at the end of the trial (28 DAI). In contrast, the susceptible parent 'California Wonder' started wilting as early as 3 DAI, and all plants died (DI = 4.0) at 17 DAI. F 1 plants showed severe wilting (DI = 3.7 to 4.0) at 28 DAI. Symptom progress in Experiment 1 (Exp. 1) was somewhat slower than in Experiment 2 (Exp. 2). The frequency distribution of DI at 14 DAI in DH lines is illustrated in Figure 1 . DI of F 1 was just higher than the mid-parental value (Exp. 1) or was almost identical to that of the susceptible parent (Exp. 2). Responses of the DH lines in the population varied greatly. Transgressive segregation for resistant traits was observed in a small number of lines of the DH population. In contrast, a substantial number of lines showed susceptibility as the susceptible parent. The DI at 14 DAI showed continuous distribution in both experiments (Fig. 1) . AUDPC of the DH lines also showed continuous distribution (data not shown).
Construction of a linkage map
SSR markers used for previously published genetic maps were examined for polymorphism between parental accessions in the present study. As a result, 76 SSRs (Minamayama et al., 2006 (Minamayama et al., , 2007 , 13 SSRs from the SNU2 map (Huang et al., 2001; Lee et al., 2004) , and five SSRs from the SNU3 map (Yi et al., 2006) were used in the present mapping. Some of the SSRs detected two or three loci. Consequently, 106 SSR loci and 253 AFLP loci were used for map construction. The resulting map was 974 cM with 15
LGs (LOD 7.0), where the average marker interval was 2.7 cM (map not presented).
Because two
LGs in the present map were syntenic to the LG 11 of the TMDH map (Minamiyama et al., 2006) and LG1 of SNU3 map, the LGs merged at an LOD of 5.5 to yield a single linkage group, and were designated as LG 11, to avoid confusion in discussion (Fig. 2) . The order of SSR markers in this LG is the same as in the above mentioned two maps (Fig. 3) . This LG consisted of 14 SSR markers within a 97 cM interval.
QTL analysis
We first used AUDPC and DIs for QTL analysis to assess whether these data detect QTLs. DIs from 10 DAI to 28 DAI and AUDPC detected a LOD score peak in LG11. The LOD score of the peak in LG11 was highest in DIs at 14 DAI in Exp. 1 and the second highest in Exp. 2 (data not shown); therefore, DIs at 14 DAI were used to characterize the effect of the QTL in both experiments. Since we observed a substantial difference in data obtained by the duplicated experiments, QTL analyses were performed independently in the two experiments. The peak values of the LOD score were higher than the threshold LOD score 3.0 in both experiments (Table 2 and Fig. 2 ) and in our preliminary test (data not presented). The confidence area of the LOD score ranged by approximately 20 cM from an AFLP marker, CTGAAG178, to an SSR marker, HpmsE062. An SSR marker, CAMS451, was mapped at the peak position of the QTL in both experiments. This QTL explained ca. 30% of the observed phenotypic variation (Table 2 and Fig. 2 ). The additive effects were −0.54 and −0.45 for Exp. 1 and 2, respectively (Table 2 ). In addition to this confidence range of QTL, adjacent areas showed high LOD scores. A large peak was observed between Hpms1-214 and HpmsE004 in Exp. 1, but the peak height was very low in Exp. 2. Apart from this QTL on LG 11, no other QTL was commonly detected in other LGs and independent loci in both experiments; however, some minor QTLs having LOD scores above 2 were also found in two LGs, and were associated with an unlinked AFLP marker in either of the two experiments (data not shown).
Discussion
A major QTL associated with BW resistance of accession 'LS2341'
The present linkage map covered 974 cM of the pepper genome, and the coverage was somewhat shorter than in the published pepper maps (Lefebvre et al., 2002) ; however, the map distance calculated by JoinMap is always shorter than that by Mapmaker (Bradeen et al., 2001) ; therefore, the present map is thought to cover most of the pepper genome. Nevertheless, QTL other than that in LG11 was not found in this study, indicating that the present QTL in LG11 might be the most effective QTL in this resistant accession, 'LS2341'. This is the first report on major QTL for BW resistance in pepper, and the QTL spanning between CTGAAG178 (AFLP) and HpmsE062 (SSR) is designated Bw1 (Bacterial wilt 1). The additive effect obtained in the present study indicates that incorporation of this gene in homozygous results in decreasing DI by approximately 1 ( Table 2) . The frequency distribution of DI and AUDPC was stable among DH lines, and suggests polygenic control of BW resistance (Fig. 1) . The phenotypic variation explained by the present QTL, Bw1, is less than half, and suggests additional QTLs for BW resistance in this population. Including the above mentioned Bw1, high LOD score regions were found in LG11 (Fig. 2) . Further studies are needed to clarify the detailed genetic effect of genomic regions in LG11 on BW. The studies require additional populations with a large number of lines or recombinants within genomic regions of high LOD scores in LG11. The possibility of additional resistance genes in LGs other than LG11 is also expected; however, no QTL other than Bw1 in LG11 was commonly detected in both experiments. The other QTLs may have smaller effects or be largely affected by environmental conditions. The detection of other QTLs is also important for breeding BW-resistant plants. An experiment using more DH lines and an increased number of plants may be a major strategy in this regard. Modification of the inoculation system may improve the accuracy of the results. Nevertheless, construction of other experimental populations, suitable for detecting minor QTLs, may provide a powerful tool. Additionally, homology search of the already cloned BW resistance genes in Arabidopsis thaliana (Deslandes et al., 2002) may be another strategy to search for a resistance gene for BW. On the other hand, Laforture et al. (2005) analyzed BW resistance of Indonesian accessions, and speculated on a linkage with a resistance locus for tobacco mosaic virus on chromosome 11 (P11) and the nematode-resistant cluster on chromosome 9 (P9); however, they did not use marker techniques. The resistance of the Indonesian accession should therefore be analyzed using molecular markers. Tsuro et al. (2007) found two rather weak QTLs for BW resistance using Japanese pepper cultivars 'Manganji' and 'Tongari'. Judging from mapped SSRs, these two genomic regions do not correspond to the present QTL region in LG11.
The present information on Bw1 may be valuable for MAS in pepper breeding. The present study mapped an SSR marker, CAMS451, in this QTL. The primer sequences for CAMS451 were 5'-tgcattggtgggctaacata-3' and 5'-gctcttgacacaaccccaat-3' (Minamiyama et al., 2006) . The primer pairs amplified only one locus in LG 11 on our map; however, on the TMDH map (Minamiyama et al., 2006) , the primer pairs amplified two independent loci in LG 11 and LG 3. Therefore, breeders should confirm the correspondence of the amplified loci using other linkage markers before using for MAS. The chromosome assignment of the present QTL should also be clarified. Eight SSR markers in the present LG11 are common in LG 1 of the SNU3 map (Yi et al., 2006) , and the order of the eight markers was the same in both maps (Fig. 3) ; however, the SNU3 map was based on an interspecific cross between Capsicum chinense and C. annuum, where chromosomes 1 and 8 were mapped as a single LG, because of reciprocal translocation (Livingstone et al., 1999) . Comparisons were made among the present map, SNU3 map, the map reported by Livingstone et al. (1999) , and the integrated genetic linkage map of an intraspecific cross (Paran et al., 2004) . As a result, LG 11 was thought to represent chromosome 1 (P1).
BW resistance experiment under artificially controlled environments
The response to BW pathogens is largely dependent on environmental conditions, such as air and soil temperature, humidity and solar radiation in many crop species (Hayward, 1991) . These environmental factors are thus the most troublesome problem for genetic analysis of the resistance to BW. Even in greenhouses, weather (i.e., clear or cloudy conditions) greatly affects the progress of wilting symptoms in BW. In other words, greenhouses cannot provide constant growing conditions. Wilted plants on sunny days sometimes recover if the following day is cloudy. These phenomena may adversely affect the scoring. In contrast, the environmental conditions in growth chambers equipped with artificial lights were relatively stable and repeatable. This is an advantage of growth chamber experiments over those conducted in open fields or greenhouses. Nevertheless, some disease progress differences still occurred between Experiments 1 and 2. This difference may result from slight variations in the growing stage of the seedlings used for infection. Generally, symptoms of BW were less severe when older seedlings were used. In this study, 16 seeds were sown, and then thinned to obtain 10 uniform seedlings. It is better to sow more seeds to enable uniform seedlings to be selected. This difference may also derive from thinning effects that result in non-uniform spacing between plants and may affect symptom progress.
BW resistance as a breeding trait for pepper in Asian countries
Some pepper cultivars that originated in tropical/ subtropical Southeast Asia and East Asia exhibit high or moderate resistance to BW (Ahmed et al., 2001; Matsunaga and Monma, 1999; Peter et al., 1992) . Moderately resistant cultivars can survive in slightly contaminated fields or under climatic conditions unfavourable to pathogen growth, and produce economically acceptable yields. Presently, European and North American cultivars are accepted by Asian consumers, and are now being introduced into these growing areas. For example, bell-type peppers picked at the mature red or yellow stage have now become popular in Japan and Korea; however, these cultivars are highly susceptible to BW, and are difficult to cultivate even in a slightly contaminated field (Matsunaga and Monma, 1999) . If these cultivars have partial resistance to BW, it is a great advantage for cultivation in Asian areas. The present information is therefore valuable for pepper breeders. Using 'LS2341' as a donor plant, the present linkage marker, CAMS451, may be effective in MAS. Since this marker mapped in the centre of the present QTL, Bw1, breeders can easily select plants having Bw1 with this marker. Pre-selection with CAMS451 gives an advantage in reducing the number of plants to be tested for BW resistance. It is quite easy to select partially resistant plants from a marker-selected population.
